The endogenous release of nitrogen and phosphorus from aquaculture sediment can continuously pollute the water quality in aquaculture ponds. In this study, an integrated bioremediation approach that combined effective microorganisms (EM) with aeration techniques was designed to restore contaminated aquaculture sediment. Initially, a set of laboratory-scale experiments was designed to evaluate the feasibility of the technology for the bioremediation of nitrogen and phosphorus. The removal and transformation efficiency indexes of both the overlying water and sediment were measured. From the obtained results, the combination of sediment aeration and immobilized EM significantly improved the nitrogen and phosphorus removal rate from the overlying water and sediment when compared to other methods. Subsequently, a series of field-scale experiments was further implemented to assess the integrated technique in practical applications. In field experiments, the variation in the comprehensive trophic level index (TLI) and sediment biodegradation activities (G value) was used to assess the effect of sediment bioremediation. In pond II which promotes sediment biodegradation, the values of TLI varied from 70.13 to 54.16, and the classification level changed from Hypereutrophic to a Light eutrophic. In addition, the G value increased from 0.98 kg/(kg·h) to 2.12 kg/(kg·h). The organic matter (OM) and sediment thickness (ST) decreased by 17.4 g/kg and 2.3 cm, respectively. The obtained results indicated that the combination of EM and sediment aeration might be feasible and effective for the remediation of nitrogen-and phosphorus-polluted aquaculture sediment.
1 Introduction  According to statistics, pond culture is one of the major approaches for freshwater aquaculture, which comprises 43.94% (2.7×10 6 hm 2 ) of the total freshwater area in China [1] . To date, more than 80% of aquaculture has adopted an intensive cultivation pattern to meet the increasing demand, which brings a serious impact of environment [2] . Previous studies have shown that a large amount of nutrients (bait, fertilizer, etc.) undecomposed in the production process results in the accumulation of organic matter at the bottom of the pond [3] . The internal nitrogen and phosphorous in the sediment are the main sources that responsible for aquaculture eutrophication. Many studies have focused on the remediation of polluted aquaculture environments. Technologies such as the biological aerated filter [4] , constructed wetland phytoremediation technique [5] , and activated carbon materials absorption technique [6] have achieved different degrees of success. However, all the technologies have ignored the remediation of aquaculture sediment, resulting in a lack of control of endogenous pollution. How to effectively degrade contaminants in the sediment has become a vital research topic.
Sediment bioremediation relates to the application of sediment-purifying microorganisms and aeration technology. EM was commonly taken for wastewater treatment, which composed of lactic acid bacteria and yeasts predominate, followed by a low density of photosynthetic bacteria, antinomies and fermenting fungi [7] . Over time, these species can efficiently remove internal nitrogen and phosphorus. To meet the demands of in situ bioremediation, a suitable carrier for EM is necessary. As a perfect support material, sludge ceramsite has a porous microstructure with a high surface area, which makes it appropriate as a microbial carrier. Aeration is an effective method for increasing dissolved oxygen levels to fully satisfy the consumption of EM and can also accelerate the oxidation and decomposition of sediment pollutants [8] . According to reference [9] , aeration accelerates the migration of phosphorus from overlying water to sediment. In addition, dissolved oxygen plays a significant role in nitrification and denitrification, facilitating the removal of internal nitrogen from the sediment [10] . However, the effects of different aeration techniques, especially aerating the sediment, have not been fully considered.
In field aquaculture ponds, water quality is an important factor in assessing the effect of sediment bioremediation techniques. To quantitatively evaluate the trophic status of natural water, the trophic level index (TLI) was designed; TLI is a weighted sum based on five main indexes: Chl-a (chlorophyll a), TP (total phosphorus), TN (total nitrogen), SD (Secchi disk) and COD Mn (permanganate index) [11] . TLI is a very useful tool to assess pollution levels in a water body and has widespread application in aquatic eutrophication research of the Taihu watershed and Chaohu basin [12, 13] . However, measuring the water quality indicators is not a comprehensive evaluation for sediment bioremediation. In this research, the key parameters of sediment biodegradability (G value) were investigated. The high G value of the sediment is closely related to sediment biodegradation activity, which means that organic matter (OM) can readily decompose [14] .
Therefore, the objective of this study was to: (1) reveal the sediment nitrogen and phosphorus removal potential of EM and compare the efficacy of immobilized and free-cell EM, (2) evaluate the pollution-removal performance of EM with distinct aeration technologies (water aeration and sediment aeration), and (3) estimate the efficiency of the integrated sediment bioremediation technique in an open system such as a field aquaculture pond. The aim of this study was to verify the feasibility of integrated sediment bioremediation technology for nitrogen and phosphorus removal and provide a new approach for clean and green aquaculture growth.
Materials and methods

Water and sediment sampling
In this study, water and sediment samples were collected from an aquaculture pond at Baima Lake (33°11ʹ46.91ʹʹN, 119°02ʹ19.55ʹʹE) in Jiangsu, China. Surface sediment samples (0-10 cm) were collected using a piston column sediment sampler from different sites, and were homogenized and removed the impurities in a tank. The surface overlying water samples (0-30 cm) were collected and filtered through a 0.45 μm membrane. The water and sediment samples were stored at 4°C and treated within 12 h. The characteristics of the overlying water and sediment samples are displayed in Table 6 and Table 7 . 2.2 Preparation of materials 2.2.1 Fermentation production of free-cell EM.
EM bacteria liquids and molasses were purchased from EMRO (Nanjing) Co., LTD. For EM fermentation, 5% EM bacteria liquids, 5% molasses and 90% distilled water were initially mixed to make the EM enrichment culture. Then, the materials for the EM enrichment culture were mixed and fermented by thermostatic shaking (QHZ 98A) at 37°C and 150 r/min until the pH dropped below 3.5 [15] . The free-cell EM was finally obtained.
Preparation of carrier pellets.
Aquaculture pond sediment were the main component of the carrier pellets. Zeolite and sodium humate were used as additives and mixed with aquaculture pond sediment to make the new type biomedium. Three factors were considered in the carrier pellets preparation: weight ratio (WER) of the powdered zeolite: sodium humate: aquaculture pond sediment, calcination temperature, and calcination time.
An orthogonal L 9 4 3 test was used to analyze the influence of the three factors on the properties of carrier pellets. The Brunauer-Emmett-Teller (BET)-specific surface area was selected as the evaluation index. The orthogonal test design was listed in Table 1 . The further orthogonal analysis was listed in Table 2 . The influencing factors on the BET-specific surface area of the carrier pellets were in the following order, from the greatest to the least: ratio of raw materials added > calcination temperature > calcination time. The ratio of raw materials added was found to be decisive part. Some researchers had unveiled that larger BET-specific surface area improved the property of biomass formation [16] . In order to get the maximum BET-specific surface area, the optimal preparation conditions of a ratio of raw materials added was 1.5:1.5:7, at a calcination temperature of 800˚C and a calcination time of 80 min.
The preparation process of the carrier pellets was shown in Figure 1 . According to the result of orthogonal test, powdered samples of the zeolite, sodium humate and the aquaculture pond sediment were mixed with a weight ratio of 1.5:1.5:7. Then, the mixture was put into the granulator to obtain an approximately 5 mm diameter carrier pellet.
The sintering process was implemented in a muffle furnace. Before sintering, the carrier pellets were fully dried at 105°C for 1 h to remove moisture, which was beneficial to avoid crazing the surface of the carrier pellets [17] , and then sintered at 800°C for 80 min. The sintered carrier pellets were gradually cooled to room temperature and the carrier pellets were finally obtained. The physical properties of the carrier pellets are summarized in Table 3 . Figure 1 Illustration for the carrier pellets preparation process (APS was the abbreviated notation of aquaculture pond sediment) 
Preparation of immobilized EM
Secondary fermentation of free-cell EM and carrier pellets was performed. Three liter suspensions of free-cell EM were cultured at room temperature in a sterile five liter beaker that was kept in darkness and continuously aerated, and the pH was maintained at approximately 7.5. Sterile carrier pellets were added to incubate for 24 h and then removed. The preparation of immobilized EM was finished when the weight of the carrier pellets was approximately 10 g, and the adsorption quantity of free-cell EM was approximately 5 mL.
Experimental design 2.3.1 Laboratory experiment
Customized equipment was utilized in the laboratory for sediment bioremediation. The treatment system was composed of seven independent glasses pieces, each with a size of 400 mm diameter × 600 mm length. Uniform sediment samples were added into the glasses to a height of 5 cm and then slowly added the filtered aquaculture pond water to a height of 30 cm. The experimental arrangement with seven different treatments is displayed in Table 4 . T1 was static and used as a control, no bioremediation was applied to the sediment. For T2, 20 g sterile carrier pellets were put into the sediment and stirred well. For T3 and T4, 10 mL of free-cell EM and 20 g immobilized EM were added to the sediment. T5, T6, and T7 were connected to air pumps. Two air pumps in T5 and T6 were used to aerate the sediment. Furthermore, for T5, 10 mL of free-cell EM were added to the sediment and stirred well. For T6 and T7, 20 g immobilized EM were added to the glasses. The air pump in T7 was used for aerating the overlying water. The aeration mode was performed intermittently by subjecting air pumps to intervals of aeration for 2 h and paused aeration for 6 h. The aeration began at 0:00, 8:00, and 16:00, respectively. Seven glasses were kept in darkness to avoid photosynthesis, and the surrounding temperature was kept constant at 25°C by an air conditioner. The experiment lasted for 15 d. During the course of the experiment, water sample was collected from three different positions in each glasses to monitor relevant indicators on the 1st, 3rd, 5th, 7th, 11th, 13th and 15th days. After sampling, the same amount of aquaculture water was added to the glasses to maintain a water column height of 30 cm. Before and after the test, surface sediment was sampled. Note: the dose of the added substance was based on our previous research [18] .
Evaluation of bioremediation in a practical aquaculture system
A field experiment was set up for the purpose of verifying sediment bioremediation. Immobilized EM combined with sediment aeration were hypothesized as the best of the sediment bioremediation technologies in aquaculture systems. A preliminary assessment of sediment bioremediation was performed in two similar aquaculture ponds (ponds I, II) at White Horse Lake, where the water quality had experienced serious eutrophication. The two aquaculture ponds were approximately 2 hm 2 in area, 1 m in depth and were home to many aquatic animals inhabitants. The sediment bioremediation was applied only in the test pond (pood II) at a rate of 50 kg/hm 2 and provided sediment aeration. Every month from April through October, a water sample (~500 mL) and sediment sample (~500 g) were collected from three places in each pond for analysis.
Analytical methods
Analysis of the overlying water
The ammonia nitrogen (NH 4 + -N), total nitrogen (TN), nitrate nitrogen (NO 3 --N) and total phosphorus (TP) in the overlying water was measured by UV spectrophotometry. The dissolved oxygen (DO) was measured by a portable water analyzer. Transparency was measured by a Secchi disc (SD). The chemical oxygen demand (COD Mn ) was detected by the potassium permanganate oxidation method [19] . Chl-a was measured by a chlorophyll a fluorescence detector (FuloroQuik, USA). The comprehensive trophic level index (TLI) method was used to estimate the eutrophication level based on Chl-a, TP, TN, SD and COD Mn , and formulas were calculated as follows [20] :
where, ( ) TLI  is the comprehensive trophic level index; TLI(j) is the trophic level index of parameter j; and W j is the corresponding weight of parameter j. 
where r ij is the correlation coefficient between parameter j and reference parameters of Chl-a (Chl-a, 1; TP, 0.84; TN, 0.82; SD, -0.83; COD Mn , 0.83); and m is the number of indictors. The TLI(j) equation was established as follows:
The range of values for ( ) TLI  was 0 to 100 ticks; high values represented high eutrophication levels (Table 5 ). 
Analysis of the sediment
After sampling from the glasses, the sediment samples were dried at room temperature, ground in a grinder, and then filtered through a 100 mesh sieve for analyzing the physical and chemical properties. The sediment phosphorus could be divided into total phosphorus (TP), iron/aluminum bound phosphorus (Fe/Al-P), inorganic phosphorus (IP), organic phosphorus (OP) and calcium phosphorus (Ca-P) according to the Standard Measurement and Testing (SMT) method [21] . The measurement methods of the different forms of P have been outlined in the research of Ruban et al. [22] . The loss on ignition method was adopted to determine the content of organic matter (OM) in sediment. The value of bioremediation of sediment (G value) was assayed by the potassium permanganate oxidation method. The sediment biodegradability (G value) was tested by accurately weighing 1 g dried sediment samples in a 1 L flask, then adding 0.5 L boiled aquaculture overlying water, and shocking at 6 h and 30 min static. The sediment G value was measured on the basis of the COD Mn value of the overlying water before and after the shock [23] :
where, C 1 and C 2 are the COD Mn value of the water before and after shock, mg/L; V is the volume of the overlying water, mL; Q is the weight of the sediment, g; and T is the shock time, h. All the data were expressed as the mean values of three replicates.
Statistical analyses
All of the samples in the experiment were analyzed with three replications. Graphical analyses were implemented using Origin 9.0, whereas the statistical significance, calculated by ANOVA and paired-sample T-tests, were determined using SPSS 22.0. Statistics were considered to be significant when p<0.05.
3 Results and discussion 3 
.1 Characteristics of the sampling water and sediment
The overlying water of the aquaculture pond presented a glossy dark-green color. From Table 6 , the water quality of the sampled aquaculture pond was classified as 'hyper eutrophic' according to the trophic level index. For sediment samples, the mud was oily black and mephitic and included undecomposed bait and metabolites of aquatic animals. The results in Table 6 indicated that the initial contents of TN, NH 4 + -N and NO 3 --N in sediment were 3.15, 0.21 and 0.01 mg/g, respectively, suggesting that nitrogen mainly existed in the form of organic nitrogen in sediment, which accounted for approximately 90% of the TN. The original levels of Fe/Al-P, Ca-P, IP, OP, and TP were 138.56, 295.89, 532.54, 98.56 and 730.95 mg/kg, respectively, suggesting that IP was the largest portion in the sediment, accounting for approximately 66% of the TP. Some existing studies have shown that value of G can be used as an indicator of the bioremediation effect in sediment [24] . The low value of G (0.98 kg/(kg·h)) and high OM (29.2 g/kg) of the sediment indicated that the OM was difficult to mineralize. Figure 2 . In static glasses (T1, T2, T3, T4), DO gradually decreased from 1.7 to 1.0, 1.1, 0.4 and 0.5 mg/L, respectively. In addition, the decreased ranges of T3 and T4, which contained added EM, were much greater than those of T1 and T2. This result suggested that with the adaptation of EM to the environment, the mineralization of OM was enhanced, continuously accelerated the decline of DO in overlying water. However, during the first 3 d of aeration, the DO in T5 and T6 sharply decreased and then increased substantially to their maximum values of 4.1 and 4.4 mg/L, respectively, followed by a rapid fall and rise. The DO content in T7 increased continuously, reached a maximum value of 3.2 mg/L at 5 d and then fluctuated between 2.6 mg/L and 3 mg/L. There was no difference in DO between T5 and T6, but a significant difference existed between T6 and T7. The DO content in the sediment aeration treatment was even lower than that of the static treatment at the initial stages of the trial, which reflected that the polluted sediment contained a large amount OM and consumed a large amount of DO. After 3 d of aeration, the DO content in T5 and T6 increased quickly, indicating that the OM was transformed to inorganic matter, resulting in a simultaneous decrease in DO consumption [25] . At the beginning of the experiment, the DO content of T7 exhibited a drastically rising trend, which reflected that the supply of DO remarkably exceeded expenditure under the overlying water aeration condition. However, the DO content of the overlying aeration treatment was lower than that of the sediment aeration treatment at the final stages of the trial. This outcome was consistent with the existing researches, which was due to the undecomposed internal N in sediment that continuously released pollutants and consumed DO [26] . rising trend in T1 and T2, indicating that sediment greatly accelerated the endogenous release of nitrogen [27] . During the first 3 d, the NH 4 + -N concentration in the overlying water of T3 and T4, which contained added EM, were much higher than those in T1 and T2. This outcome suggested that organic N was decomposed by EM, released a large amount of NH 4 + -N from the sediment [28] . However, the NH 4 + -N contents of overlying water in T3 and T4 decreased to minimum values of 3.6932 mg/L and 3.0596 mg/L at 11 d, respectively, followed by a short increase. The reason could be as follows: (1) the nitrifying bacteria grew, and a part of the NH 4 + -N was transformed into NO 3 --N, lead to the decrease of NH 4 + -N [29] ; or (2) the NH 4 + -N began to rise, which was due to the rapid decline of DO in the corresponding treatment. Figure 4 shows that NO 3 --N contents in T1 and T2 exhibited a declining trend throughout the experimental period. During the initial period, the content of NO 3 --N in T3 and T4 had no significant change, followed by a remarkable increase to 1.7310 mg/L and 1.6310 mg/L at 11 d and then declined to 1.2891 mg/L and 1.0893 mg/L, respectively. As shown in Figure 3 and Figure 4 , the growth rate of NH 4 + -N was higher than that of NO 3 --N during the first 3 d, indicating that mineralization was the dominant nitrogen cycle process during the initial incubation stage. However, the content of NO 3 --N in T3 and T4 exhibited a remarkable increasing trend during 3-9 d, which could be the consequence of biological nitrification of NH 4 + -N [30] . The NO 3 --N of both T3 and T4 began to decline after 9 d, which was probably because the overlying water was in an anaerobic state with the consumption of oxygen, and the denitrifying bacteria, which included in EM, converted the NO 3 --N into NH 3 and N 2 through denitrification and then released it into the atmosphere [31] . The TN content in the overlying water exhibited a similar variation trend as NH Figure 5 Variations of TN in overlying water under different treatment
The invigorating effect of aeration techniques
Aeration plays a significant role in the bioremediation of sediment, which can strengthen the contact between OM and microorganisms. The laboratory simulation experiment researched the effects of water aeration (T7) and sediment aeration (T5, T6) based on the addition of EM. Under aeration conditions, the NH 4 + -N content in T5, T6, and T7 increased swiftly to 8.4743, 8.2321 and 6.1420 mg/L and then decreased to 2.4987, 1.4662 and 3.4213 mg/L, respectively. The rising rate of NH 4 + -N in T5 and T6 was particularly faster than that in T7. It could be deduced that the sediment aeration caused sediment turbulence, strengthening the release of NH 4 + -N from the sediment. However, the overlying water NH 4 + -N content of T7 was significantly higher than T6 and T5 at the end of the experiment. A reasonable explanation is that only the organic nitrogen in surface sediment can be thoroughly decomposed under water aeration conditions. The internal N in the bottom sediment still released pollutants continuously, causing higher NH 4 + -N concentration. Figure 4 shows that the contents of NO 3 --N in the overlying water in T5, T6 and T7 slowly decreased at first and then increased dramatically to 2.9078, 3.6932 and 2.2079 mg/L, respectively, followed by a continuous increase until the experiment was over. The capability of nitrification in T5 and T6 was particularly stronger than that in T7. After 3 d, DO started rising, suggesting that the organic nitrogen in the sediment was thoroughly mineralized, and the supply of DO had gradually exceeded consumption under the sediment aeration condition. Meanwhile, the NO 3 --N of the aeration treatment began to rise and, due to the transformation rate of NH 4 + -N, exceeded the mineralization rate. Conversely, the decreasing nitration rate and the increasing denitrification rate decreased the content of NO 3 --N.
Additionally, the change tendency of TN was the same as that of NH 4 + -N. From these results, it is concluded that sediment aeration was a more effective treatment for reducing nitrogen loading in sediment compared to water aeration.
Moreover, according to the comparisons of aeration (T5, T6, T7) or static (T3, T4) treatments based on EM technology, the content of NH 4 + -N and TN in overlying showed obvious regulations of T6 < T5 < T7 < T4 < T3. Previous studies have reported that aeration technique can make for water purification based on microbial biotechnology by enhancing microbial activity and quantity [32] . Microscopic observation validated the validity and reliability of previous studies. Microbes of biofilms in T5, T6 and T7 were richer than those in T3 and T4. However, the morphology of biofilms in T6 maintained stability and integrity, whereas the structure of biofilms in T5 disintegrated. During the aeration period, sediment aeration caused significant fluctuation of sediments in T5 and T6, influencing the biofilm formation to some extent. The attachment of the microorganism on the carrier pellets could prevent biofilms from being broken, which was related to the surface shape and the pore structure of the carrier [33] . Figure 6a shows that the microstructure of the surface of the carrier pellets was markedly coarser. From the information shown in Table 3 , the BET-specific surface area, average pore volume and average pore diameter of the carrier pellets reached over 48.8128 m 2 /kg, 0.3213 cm 3 /g and 7.5462 nm, respectively. The rough surface, large BET-specific area and abundant pore structures made it more conducive to attach the EM on the carrier pellets. SEM images in Figure 6b show that the biofilm was densely adhered to the surface of the carrier pellets. From the morphology of biofilms in carrier pellets, it can be inferred that immobilized EM were favorable for increasing the capacity of resisting shock under sediment aeration conditions. The variations of TP concentrations in overlying water under static conditions are shown in Figure 7 . The TP in T1 gradually increased from 0.1534 mg/L to 0.6923 mg/L during the experiment; this outcome indicated that sediment greatly promoted the release of endogenous phosphorus at 7 d of the experiment based on the comparisons of T1 vs. T3 and T2 vs. T4; the TP contents in T3 and T4, which adopted EM, were significantly lower than those in T1 and T2.
Previous studies have reported that EM can accumulate a large amount of P beyond their metabolic needs [34] . When DO levels were relatively high, EM stored phosphorus sources in the form of polyhydroxyalkanoates (PHAs), which led to a brief drop in the PO 4 3 -P concentration in overlying water [35] . Thus, it can be inferred that the decrease of TP in T3 and T4 relative to T1 and T2 could be attributed to the utilization by EM. However, at the end of the experiment, there were no differences among them, while T1, T3 and T2, T4 had very marked differences. Previous research has shown that under anaerobic conditions, microbial activity is inhibited, polyphosphate (poly-oly-P) degrades and orthophosphate is released [36] . The experimental results revealed that under static conditions, the effect of microbial phosphorus removal was not obvious because the DO content in T3 and T4 was continuously consumed by EM. However, according to the comparisons of T3 vs T4, the immobilized EM had a better purification efficiency, possibly because of the adsorption of carrier pellets. a.
b. Figure 7 Variations of TP in overlying water under different treatment
The role of aeration is mainly to enhance the bioremediation efficiency of EM and to change the redox conditions of the sediment by providing sufficient DO [37] . In this study, the effects of water aeration and sediment aeration on P transformation were explored and compared. The changing trends of TP in the overlying water under aeration conditions are shown in Figure 7 . During the initial aeration stage, the TP concentrations of T5, T6 and T7 increased sharply; this outcome was the result of the turbulence caused by aeration that accelerated the release of TP from the sediment. The variation in sediment aeration treatment was more remarkable. After 3 d, the TP contents of T5 and T6 decreased significantly. The TP content of T5 dropped from 0.8456 mg/L to 0.2067 mg/L. The TP value of T6 decreased from 0.8545 mg/L to 0.0909 mg/L. The TP concentration of T7 increased first, then decreased later, finally stabilized at approximately 0.3241 mg/L. The overlying TP showed a significant sequence of T3 < T4 < T7 < T5 < T6. From the results, it could be deduced that the aeration technique strengthened TP purification based on EM in one of two ways: (1) under intermittent aeration conditions, the phosphorusaccumulating bacteria included in EM multiplied and stored orthophosphate as intracellular poly-P, which caused a dramatic drop in PO 4 3--P contents of the overlying water and led to a high removal efficiency of TP [38] ; or (2) the Fe/Al-P content was always affected by DO levels. Under oxidation status, Fe 2+ is oxidized to Fe 3+ . The very reactive Fe 3+ form iron hydroxides, which can supply sufficient free sorption sites for the PO 4 3--P in water and sediment, leading to the formation of stable Fe(OOH)-P complexes that caused the decrease in PO 4 3--P contents in the overlying water [39] . One report indicated that inorganic mineral carrier has high adsorption capacity of phosphorus and nitrogen [40] . In agreement with previous studies, the final results found that the TP content was significantly lower in T6 than in T5. Relative to T6, T7 had a higher TP concentration in overlying water, indicating that overlying aeration could not remove the internal P in the bottom sediment thoroughly. 3.3.3 Variations of P fractions in sediment based on immobilized EM The sediment P fractions (TP, Ca-P, Fe/Al-P, OP, and IP) in T4, T6, and T7, which had different aeration measures based on immobilized EM, were measured at the beginning and the end of the experiment.
During the experiment, TP increased by 65.03 mg/kg and 39.28 mg/kg in T6 and T7, respectively, and decreased by 10.39 mg/kg in T4. The Fe/Al-P content increased by 38.00 mg/kg and 13.20 mg/kg in T6 and T7, respectively, and decreased by 22.12 mg/kg in T4. The Ca-P content showed little change in T4, T6, and T7. The IP increased by 42.87 mg/kg and 36.88 mg/kg in T6 and T7, respectively, and decreased by 12.88 mg/kg in T4.
The OP increased by 2.00 mg/kg, 28.11 mg/kg and 19.42 mg/kg in T4, T6, and T7, respectively. The results of the study showed that IP, especially Fe/Al P and Ca-P, comprised the majority of the TP. The concentration of sediment Ca-P showed no obvious difference among the different groups, while Fe/Al-P and OP did. The variations in Fe/Al-P and OP dominated the concentration change in TP. The sediment Fe/Al-P and OP showed obvious regulations of T4 < T7 < T6, and such differences were statistically significant. The sediment oxidation-reduction status was one of the reasons that resulted in variations of Fe/Al-P fraction. Particularly, the T4 sediment aeration caused the disruption of the bottom sediment. The Fe 2+ contained in the bottom sediment was oxidized to stable Fe 3+ , which may have produced more Fe 3+ hydroxides than overlying aeration, leading to the increase in sediment Fe/Al-P and TP. In addition, the concentration of OP in T6 was notably higher than in the other treatments. Accordingly, many more microorganisms growth on the sediment surface was observed with sediment aeration conditions than with other conditions. These results suggested that sediment aeration was favorable to the growth of immobilized EM, during which endogenous phosphorus was absorbed to synthesize OP for their breeding colony [41] . In contrast, TP, IP, Fe/Al-P and OP in T1 decreased by 26.39 mg/kg, 26.23 mg/kg, 18.22 mg/kg and 2.22 mg/kg, respectively. Compared with T4, there was no difference in OP between T1 and Figure 8 The phosphorus (P) fraction in the sediment after 15 d T4, but the distinction of TP was notable. The results indicated that under an anoxic state, the phosphorus assimilation of EM was unremarkable. The anaerobic conditions accelerated the reduction of Fe 3+ and then enhanced the migration of phosphorus from the sediment to the overlying water [42] . However, when carrier pellets were placed on top of the contaminated sediment, the migration of internal phosphorus was prevented by physical fixation and absorption. These results were also consistent with the variations of P in the overlying water.
Evaluation of bioremediation in a practical aquaculture system
The field-scale test was carried out to verify the feasibility of the sediment bioremediation technology. The monitoring results of the water quality and the corresponding sediment indexes are shown in Tables 8 and 9 . The SD value indicates the transparency of the water, reflecting the suspended material content. The mean SD value in pond I values decreased from 0.52 m to 0.45 m. The SD value in pond II appeared to increase from 0.49 m to 0.86 m. The Chl-a concentration reflects the numbers of phytoplankton. The mean Chl-a values in pond I increased by 3.96 mg/m 3 . The mean Chl-a values of pond II increased by 18.14 mg/m 3 . In addition, over the seven-month experiment, the mean values of COD Mn , TP and TN of the overlying water in pond I increased from 14.2 mg/L, 0.18 mg/L and 5.21 mg/L to 20.9 mg/L, 0.32 mg/L and 6.93 mg/L, respectively.
Based on the approach of sediment aeration combined with immobilized EM, the concentrations of COD Mn , TP and TN in pond II decreased from 14.6 mg/L, 0.19 mg/L and 5.30 mg/L to 6.2 mg/L, 0.05 mg/L and 2.05 mg/L, respectively. TLI is usually introduced as an index for describing the eutrophication status of water. In this study, the values of TLI (based on Chl-a, TP, TN, SD and COD Mn ) showed variations from 69.60 to 74.88 in pond I and from 70.13 to 54.16 in pond II. At the beginning of the experiment, ponds I and II were in a middle and hyper eutrophic state, respectively.
Over the seven-month experiment, the TLI value of pond I markedly increased, and the water quality further deteriorated. Conversely, the range in TLI of pond II showed a change of three trophic levels, from hyper eutrophic to light eutrophic. The TLI values of all aquaculture ponds peaked in August. Temperature is considered to be one of the primary factors determining the seasonal dynamics of eutrophication levels [43] . However, the trophic levels of pond II were notably lower than pond I, indicating that the polluted sediment had been gradually restored by the application of immobilized EM combined with sediment aeration. Under sediment bioremediation conditions, the mean sediment G value of pond II increased from 0.98 kg/(kg·h) to 2.12 kg/(kg·h), while the sediment G value of pond I without biological repair gradually declined. In general, the high G value of the sediment suggested a great improvement in sediment biodegradation activity, which is closely linked to the mineralization of OM [44] . The decrease of OM and sediment thickness (ST) in pond II further substantiated these findings. The results of the present study indicated that the integrated technique had a good sediment biological purification effect, which is applicable to solve the problem of endogenous pollution in aquaculture ponds. 
Conclusions
In conclusion, the adoption of carrier pellets as a substrate for EM combined with sediment aeration represents an appropriate measure for the bioremediation of aquaculture sediment in situ. The results verified that aeration increased the oxygen content in water and the activity of beneficial microorganisms, as well as their action of absorbing, oxidizing, decomposing and reducing pollutants. In the long run, sediment aeration had a more thoroughly effect on reducing the potential risk of the endogenous release of nitrogen and phosphorus. Meanwhile, upon termination of sediment aeration, the microbial biofilm with immobilized EM were more comprehensive and integrated than free-cell EM, which resulted from the shelter of the carrier pellets. More importantly, due to the high surface reactivity and large surface areas that enhanced the adsorption capacity, the carrier pellets were able to inhibit the release of nitrogen or phosphorus compounds. However, research on the mechanism and function of sediment bioremediation has not yet been conducted. More in-depth studies still need to be conducted with respect to the aeration parameters, material characteristics and performance of EM. Overall, sediment aeration combined with the immobilized EM technique, following reasonable procedures, could significantly improve the restorative effects of aquaculture sediment.
